Abstract. The overexpression of tissue factor (TF) observed in numerous cancer cells and clinical samples of human cancers make TF an ideal target for cancer therapy. Here, we report an energized fusion protein, hlFVII-LDP-AE, which can be used for cancer therapy and is composed of a human Factor VII light chain (hlFVII) conjugated to the cytotoxic antibiotic lidamycin (LDM, LDP-AE). hlFVII-LDP-AE binds with specificity to TF expressed on tumor cells, resulting in internalization of the fusion protein and cytotoxicity induced by the LDM domain. The potential efficacy of hlFVII-LDP-AE for cancer therapy was examined in vitro by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays and in vivo with a BALB/c nude mouse xenograft model of the human lung cancer line NCI-H292. hlFVII-LDP-AE caused chromatin condensation and cleavage of genomic DNA in NCI-H292 cells. In the MTT assays, the IC 50 value of hlFVII-LDP-AE was 0.19 nM. In the in vivo tests, after two intravenous injections of hlFVII-LDP-AE at a dose of 0.6 mg/kg, the growth rate of the lung tumor xenograft was reduced to 15% of the control rate, and there was no excessive loss of body weight and inflammatory response in the mice. These findings suggest that hlFVII-LDP-AE is efficacious and tolerated in the mouse model of NCI-H292 human lung cancer examined and could have broad clinical applicability for treating cancer patients.
Introduction
An important aim of cancer research is developing a cytotoxic agent that can target tumors and not normal tissues (1-3), which requires a tumor target and a targeting molecule that can deliver and internalize a cytotoxic molecule. Our choice for a tumor target was tissue factor (TF), a transmembrane receptor overexpressed on many cancer cells. The TF levels of cancer cells are up to 1,000-fold greater than those of their normal counterparts. This overexpression is also observed in clinical samples of numerous types of human cancers, with just a few exceptions (e.g. renal cancer) (4) .
Factor VII/VIIa (FVII), a ligand that binds to TF with exceptional affinity and specificity (5) , is composed of a 20-kDa amino-terminal light chain and a 30-kDa carboxyterminal heavy chain, which are linked by a disulfide bond (6) . The light chain binds to TF, and the heavy chain initiates the blood coagulation pathway (7, 8) . Our choice for a targeting molecule was the light chain of human FVII (hlFVII) that is significantly smaller than the two-chain human FVII molecule, which should provide at least two therapeutic advantages: facilitating access of the targeted drug to a solid tumor (3) and preventing a blood clot that otherwise might occur when the two-chain hFVII molecule binds to TF (8) .
The choice for a cytotoxic molecule was lidamycin (LDM), a member of the enediyne antibiotic family derived from Streptomyces globisporus C1027 (9, 10) , which is cytotoxic for cultured tumor cells and inhibits growth of a panel of human tumor xenografts (11, 12) . The LDM molecule is composed of an 843-Da enediyne chromophore AE, which binds DNA in the minor groove and causes double-strand DNA breaks and tumor cell death, and a 10.5-kDa apoprotein LDP that forms a hydrophobic pocket protecting the AE chromophore (13) (14) (15) . The AE and LDP domains of LDM can be dissociated in vitro and reconstituted with restored cytotoxic activity, which provides a two-step procedure containing DNA recombination and molecule reconstitution for synthesizing novel cytotoxic fusion proteins (16, 17) .
Here we describe the construction of an energized fusion protein hlFVII-LDP-AE containing hlFVII as the targeting domain linked to LDM (LDP-AE) as the effector domain. The potential efficacy of hlFVII-LDP-AE for cancer therapy was tested in vitro by MTT 
Materials and methods
Construction of expression plasmid. The diagrams of three recombinant proteins in this study are shown in Fig. 1A . The expression plasmids of the three recombinant proteins were constructed by conventional molecular cloning techniques. The DNA fragment encoding hlFVII (152 amino acids) (18) was cloned from the pCR4-TOPO-hFVII plasmid (FL25053, Fulengen Corp., China). The coding sequence for LDP was cloned from the plasmid pET-VH-LDP (19) constructed in our laboratory. The DNA fragment encoding mCherry was cloned from the pmCherry-N1 plasmid (Clontech). The expression vector is pET-19b (Novagen).
Expression and purification of recombinant proteins. The recombinant plasmids were transformed into Rosetta-gami B(DE3)pLysS (Novagen) competent cells. A single colony was inoculated into 5 ml LB medium (pH 7.5) containing 100 µg/ml ampicillin, 34 µg/ml chloramphenicol, 15 µg/ml kanamycin and 12.5 µg/ml tetracycline and cultured overnight at 37˚C. The next day, 1 liter of culture medium was inoculated by overnight culture and incubated with shaking at 37˚C until A 600 was 0.6-1. Isopropyl-1-thio-β-D-galactopyranoside (IPTG) was added to the medium to a final concentration of 0.8 mM. After being induced for 6 h at 37˚C, the bacteria were lysed using pulse sonication followed by 60 min centrifugation at 48,400 x g. His-tagged recombinant proteins were then purified by affinity chromatography (HisTrap HP, GE Healthcare) and ion exchange chromatography (HiTrap Q HP, GE Healthcare) according to the manufacturer's instructions.
Western blot analysis. The purified recombinant protein hlFVII-LDP was fractioned by a 12% SDS-PAGE gel, and then transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore). The membrane was rinsed with PBST buffer (PBS, 0.1% Tween-20), blocked for 1 h in PBST containing 5% (w/v) non-fat dried milk, and incubated with mouse anti-human FVII antibody (MAB2338, R&D) for 1 h. The membrane was washed with PBST and then incubated for 1 h with horseradish peroxidase (HRP)-conjugated anti-mouse IgG. The blot was visualized using an enhanced chemiluminescence (ECL) detection kit (Amersham Pharmacia Biotech).
Receptor-binding activity assay by ELISA. In brief, microtiter plates were coated with 50 µl/well of 20 µg/ml recombinant human TF (rhTF, R&D Systems) or BSA as a control overnight at 4˚C. After washing, blocking and rewashing the plates, 30 µg/ml hlFVII-LDP diluted in blocking buffer (25 mM Tris, 150 mM NaCl, 5 mM CaCl 2 , 0.1% Tween-20, 2% preimmune goat serum, pH 7.5) were added to each well with 100 µl/well and incubated for 60 min at 37˚C. After washing, 0.2 µg/ml mouse anti-human FVII antibody (MAB2338, R&D Systems) diluted in 100 µl blocking buffer was added to the wells and incubated for another 60 min. Preimmune mouse serum was added as a negative control. The plates were washed again prior to incubation with 100 µl/well of HRP-conjugated goat antimouse IgG antibody (ZF-0314, ZSGB-BIO Co., Ltd., Beijing, China) diluted 10,000-fold in blocking buffer. Finally, the plates were washed and the peroxidase reaction initiated by adding 100 µl substrate/well (0.02% o-phenylenediamine, 0.01% H 2 O 2 ). The reaction was stopped after 10 min, and the absorbance was read on a microplate reader (Biotech Instruments) at 492 nm. All determinations were performed in triplicate.
Cell culture. The human NCI-H292 lung cancer, MCF-7 breast cancer and BJ human fibroblast cells were grown as monolayers in culture plates. Cells were cultured in either Dulbecco's modified Eagle's medium (DMEM) (NCI-H292 and BJ) or in Eagle's minimum essential medium (MCF-7) supplemented with 10% fetal bovine serum (FBS, Gibco) at 37˚C in a humidified 5% CO 2 incubator.
Co-immunoprecipitation assay. hlFVII-LDP was added to medium containing the cultured human lung cancer line NCI-H292 to a final concentration of 0.5 µM in 6-well plates. After culturing for 2 h, cells were washed twice. Then, 1 ml ice-cold PBS was added to the wells. Cells were scraped down and collected by centrifuging at 800 x g for 5 min. Ice-cold lysis buffer of 300 µl (20 mM Tris-HCl, 150 mM NaCl, 10 mM KCl, 0.5 mM EDTA, 1.5 mM MgCl 2 , 0.5 mM PMSF, 2 mM DTT, 2.5 mM CaCl 2 , 0.5% NP-40, 10% glycerol, pH 7.9) was add to the cells and incubated on ice. The cell suspensions were vortexed once every 2 min for 5 times. Lysates were centrifuged at 16,000 x g at 4˚C for 5 min. Subsequently, 200 µl lysate supernatant and 800 µl ice-cold lysis buffer were added to a 1.5 ml Eppendorf tube. Then anti-human TF antibody (MAB2339, R&D Systems) was added to the tube to a final concentration 10 µg/ml. The mixture was incubated overnight at 4˚C. Complexes were collected with protein A agarose (Invitrogen), and the precipitates were washed three times with ice-cold lysis buffer. Then, proteins were released by boiling in sample buffer and analyzed by Western blotting using an anti-human FVII antibody as described above.
Internalization assay. The internalization of hlFVII-LDP assay was performed as described previously (20) with some modification. Cells (1x10 5 /well) were seeded in 6-well plates and cultured overnight. The next day, the medium was changed to protein transduction medium, which was prepared by mixing the recombinant fusion proteins at a final concentration of 150 nM with normal medium supplemented with 3 mM CaCl 2 . Cells were incubated for another 12 h, then were washed 3 times with PBS and fixed with 4% paraformaldehyde (PFA) for 10 min at room temperature. After 3 washes, the cells were stained for 5 min at room temperature with 4',6-diamidino-2-phenylindole (DAPI, Sigma). The cells were observed and photographed by fluorescence microscopy (Olympus, Japan).
Preparation of energized fusion protein hlFVII-LDP-AE.
The energized fusion protein hlFVII-LDP-AE was prepared as previously described (21) .
MTT assay. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assays were used for measuring the cytotoxicity of energized fusion protein hlFVII-LDP-AE in vitro according to a previously described protocol (19) .
Colony formation assay. Cells (500/well) were seeded in a 6-well plate and cultured in a humidified 5% CO 2 incubator for 24 h. The next day, the medium was replaced with complete DMEM medium supplemented with 3 mM CaCl 2 and 0.01 nM LDM or hlFVII-LDP-AE. After culturing the cells for 2 h, the medium was replaced with complete DMEM medium. The cells were cultured for another 10 days. Surviving colonies were stained with p-nitroblue tetrazolium chloride (NBT). The plate was scanned with a scanner (Perfection 4990 Photo, Epson).
Chromatin condensation assay. NCI-H292 cells (1 x 10 5 /well) were seeded in a 6-well plate. The next day, the medium was replaced with fresh medium supplemented with 3 mM CaCl 2 and hlFVII-LDP-AE (0.19 nM) or LDM (0.62 nM) at the IC 50 concentration. After being incubated for 12 h, the cells were washed with PBS for 3 times, and then were stained with the DNA-specific fluorescent dye Hoechst 33342 (10 µg/ml) (Sigma) for 10 min at 37˚C. The cells were washed with PBS again, then were observed and photographed with a fluorescence microscope (Olympus).
TUNEL assay. NCI-H292 cells were seeded in 24-well plates. After 24 h, the medium was replaced with fresh medium supplemented with 3 mM CaCl 2 and hlFVII-LDP-AE (0.19 nM) or LDM (0.62 nM) at the IC 50 concentration and incubated at 37˚C. After 12 h, the cells were washed with PBS for 3 times, fixed with 4% paraformaldehyde for 10 min. TdT-mediated dUTP nick-end labeling (TUNEL) was performed by using DeadEnd™ Colorimetric TUNEL System according to the manufacturer's instructions (Promega). Next, by microscopic analysis the cells were examined for cleavage of genomic DNA.
Efficacy studies in vivo. Female BALB/c nude mice (6-weekold) were purchased from the Institute of Laboratory Animal Sciences, Chinese Academy of Medical Sciences. The construction of the nude mice xenograft model of human lung cancer NCI-H292 cells was carried out as described by Guo et al (22) . When the tumor size reached about 50 mm 3 , the mice were Inflammatory cytokine assay. BALB/c nude mice (n=6) were divided into 4 groups. One group was treated with hlFVII-LDP-AE (0.6 mg/kg). The positive control group was treated with lipopolysaccharide (LPS, 0.25 mg/kg). The negative control group was treated with 200 µl sterile saline. Another control group was left untreated. Eighteen hours post-injection, blood was drawn from the mice and serum was separated as described by Dassie et al (23) . Levels of the cytokines IL-1β and TNF-α were determined using ELISA kits (Bender MedSystems) according to manufacturer's instructions.
Statistical analysis. Data in all cases are expressed as mean ± SE. Comparison of mean values between the different treatments was carried out using the two-way independentsample t-test with Microsoft Excel 2003 software. The level of significance was set at P<0.05.
Results

Construction and preparation of fusion proteins.
The diagrams of three recombinant proteins in this study are shown in Fig. 1A . hlFVII-LDP was correctly expression as shown by SDS-PAGE electrophoresis and Western blot analysis (Fig. 1B) . Recombinant proteins hlFVII-LDP-mCherry and mCherry were identified by SDS-PAGE (data not shown) and by visible bioluminescence. Data from reverse-phase HPLC showed that the AE molecule integrated into hlFVII-LDP successfully, and the purity of hlFVII-LDP-AE was 92.78% (Fig. 1C) .
Receptor-binding and internalization of hlFVII-LDP.
The receptor-binding activity of hlFVII-LDP was analyzed by ELISA and co-immunoprecipitation assays. For ELISA, rhTF was used as the catching molecule. As shown in Fig. 2A , strong signals were detected for hlFVII-LDP (black bar), however, only weak signals were detected when BSA was used as the catching molecule (gray bar) or the first antibody was substituted with pre-immune serum (white bar). In the co-immunoprecipitation assay (Fig. 2B) , hlFVII-LDP appeared as a component of the immunoprecipitation complex with human TF expressed in NCI-H292 cells (lane c) that expresses human TF at a high level (Fig. 2C) ; however, preimmune serum (lane d) did not precipitate the hlFVII-LDP protein, and no signal was observed in two other negative controls in which hlFVII-LDP was substituted with BSA (lane a) or the cells were substituted with the human breast cancer line MCF-7 (lane b) expressing low levels of TF (Fig. 2C) .
To further confirm whether hlFVII-LDP could be internalized by TF-expressing tumor cells, we constructed the mCherry-tagged hlFVII-LDP (hlFVII-LDP-mCherry). The mCherry tag was used as a reporter. Free mCherry was used as a negative control. The red fluorescence of hlFVII-LDPmCherry was observed both on the membrane surface and in the cytoplasm of NCI-H292 cells (Fig. 2Dj-l) . However, no red fluorescence could be detected in the mCherry group of the NCI-H292 cells (Fig. 2Dg-i ) and in the MCF-7 cells incubated with mCherry ( Fig. 2Da-c) or hlFVII-LDP-mCherry (Fig. 2Dd-f) . These results show that hlFVII-LDP can bind to TF expressed on NCI-H292 cells specifically and can be internalized into the cytoplasm.
Efficacy of energized fusion protein hlFVII-LDP-AE in vitro.
We measured the cytotoxicity of hlFVII-LDP-AE in two human cancer cell lines (NCI-H292 and MCF-7) and a normal human cell line (BJ) expressing different levels of human TF (Fig. 2C ) by using the MTT assay. LDM was also tested for comparison. As shown by the half maximal inhibitory concentration (IC 50 ) values, hlFVII-LDP-AE (0.19 nM) was more potent than LDM (0.62 nM) for NCI-H292 cell lines that express high level human TF. However, the cytotoxicity of hlFVII-LDP-AE and LDM had no significant differences for MCF-7 and BJ cell lines that express low level human TF (Fig. 3A) .
Colony formation assays using monolayers of NCI-H292 cells showed that the anti-tumor effects of hlFVII-LDP-AE (Fig. 3Bd) were much more potent than that of free LDM (Fig. 3Bb) . However, hlFVII-LDP-AE (Fig. 3Bc) , compared with LDM, did not show a more potent cytotoxicity to MCF-7 cells in the negative control (Fig. 3Ba) . hlFVII-LDP-AE induced cancer cell death by causing chromatin condensation and cleavage of genomic DNA. As shown in Fig. 4A , chromatin condensations were clearly observed in the cells treated with hlFVII-LDP-AE or the free LDM. Further TUNEL assay showed that hlFVII-LDP-AE could induce cleavage of genomic DNA (Fig. 4B) . These data suggest that the energized fusion protein hlFVII-LDP-AE causes tumor cell death through inducing chromatin condensation and cleavage of genomic DNA as the mechanism of LDM (24) .
Therapeutic efficacy of energized fusion proteins hlFVII-LDP-AE in vivo.
The antitumor effects of hlFVII-LDP-AE in vivo were tested in a nude mouse xenograft model of human lung cancer using the NCI-H292 cell line. The fusion protein hlFVII-LDP (0.6 mg/kg) showed 18.1% tumor growth inhibition (TGI); free LDM (0.05 mg/kg, a tolerated dose) showed 60.0% TGI; whereas, 0.15, 0.3 and 0.6 mg/kg hlFVII-LDP-AE at greatly increased the antitumor efficacies with 65.2, 75.0 and 85.2% TGI, respectively (Fig. 5) . Furthermore, the TGI of hlFVII-LDP-AE at 0.6 mg/kg showed statistically significant differences compared with that of LDM at 0.05 mg/kg (P<0.05) and that of hlFVII-LDP at 0.6 mg/kg (P<0.001).
The safety of hlFVII-LDP-AE for applications in vivo.
At the end of the experiment, weight loss resulting from the hlFVII-LDP-AE treatment at different doses did not exceed 10% of the pretreatment weight (data not shown). Thus, the dosages of hlFVII-LDP-AE were tolerated (22) .
To further test the safety of hlFVII-LDP-AE for in vivo applications, the levels of two important inflammatory cytokines, TNF-α and IL-1β, in the serum of the mice treated with hlFVII-LDP-AE were assessed by ELISA (25, 26) . LPS, an established immune stimulator (27) (28) (29) , was included as a positive control. As shown in Fig. 6 , LPS treatment triggered the robust increase of both TNF-α and IL-1β levels in serum. While no statistical differences were found between the hlFVII-LDP-AE-treated and the negative control group (sterile saline) or untreated group (Fig. 6) . Together, these data suggest that hlFVII-LDP-AE does not trigger an innate immune response and is safe for in vivo applications. 
Discussion
In this study, we developed an effective and selective hlFVIItargeted LDM (hlFVII-LDP-AE) for lung cancer therapy. To the best of our knowledge, there are no published articles reporting that the light chain of FVII has been used as a targeting vehicle for the development of a targeted therapeutic agent.
Several TF-targeting therapeutic agents have been tested for the treatment of cancer and non-cancerous diseases. Hu et al (30) developed the first TF-targeting therapeutics, the antibody-like FVII-targeted Icon (FVII/IgG1 Fc), for cancer immunotherapy in 1999. In subsequent years, Icon immunotherapy was tested for the eradication of pathological neovasculature in other tumors (5, 31, 32) and non-cancerous diseases such as wet macular dystrophy (33, 34) and human endometriosis (35) . Hu et al (30) also developed two FVIItargeted photodynamic therapeutics for breast cancer by conjugating Sn(IV) chlorine e6 (SnCe6) or Verteporfin to FVII. In order to reduce the coagulation activity of FVIItargeted therapeutics, Hu and colleagues introduced a mutation (K341A) into the FVII protein (5, 30, 32) . Similarly, Shoji et al (36) reported the use of an active site-inactivated recombinant human FVIIa (FFRck-fVIIa) as a carrier for the targeted delivery of a potent synthetic curcumin analog (EF24) to TF-expressing tumor VECs and tumor cells. In conclusion, FVII used in all the previous FVII-targeted therapeutics were prepared in eukaryotic cells, and their serine protease activity was inactivated by biological or chemical methods.
Here we report the development of a TF-targeting therapeutic, hlFVII-LDP-AE. As the targeting vehicle, the single-chain hlFVII molecule is significantly smaller than the parental two-chain human FVII molecule, which should provide two therapeutic advantages: facilitating access of the hlFVII-LDP-AE fusion protein to a solid tumor (3) and preventing a blood clot that otherwise might occur when the two-chained hFVII molecule binds to TF (8) .
In this study, we show that the hlFVII-LDP fusion protein prepared in E. coli can bind to recombinant human TF ( Fig. 2A) and human TF-expressing cancer cells (Fig. 2B) . Furthermore, mCherry-tagged hlFVII-LDP can be internalized into cells by receptor-mediated endocytosis (Fig. 2D) . In this experiment, we also observed that some of the mCherry-tagged fusion protein gathered near the nucleus (Fig. 2D) . Why the fusion protein could be directed to the periphery of the nucleus needs further study. LDM induces cell death mainly by AE, which binds DNA in the minor groove and causes double-strand DNA breaks (13) , and the fact that LDM is directed to cytoplasm and the periphery of the nucleus facilitates its function.
A possible caveat is that preventing blood clots might promote bleeding. However, no bleeding was detected in the mice treated with hlFVII-LDP-AE, which is consistent with similar results from another study in which mice were treated with an Icon molecule containing a two-chained hFVII targeting domain that had been mutated to prevent blood clotting (32) .
In conclusion, we report for the first time an hlFVII-targeted LDM (hlFVII-LDP-AE) that selectively and effectively sacrificed cultured tumor cells in vitro and significantly inhibited the tumor growth of human lung cancer in vivo. As TF is expressed broadly in different types of tumors, including solid tumors (5, 30, 32, 37, 38) and leukemia (39), hlFVII-LDP-AE has a broad therapeutic potential for lung and other cancers (39) (40) (41) . Figure 5 . The growth inhibition of hlFVII-LDP-AE on NCI-H292 xenografts in nude mice. Arrows denote the days of injection. Tumor growth inhibition of hlFVII-LDP-AE at 0.6 mg/kg showed statistically significant differences compared with that of LDM at 0.05 mg/kg (P<0.05) and that of hlFVII-LDP at 0.6 mg/kg (P<0.001).
